Orientational transitions in symmetric diblock copolymers on rough surfaces 
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We present a model addressing the orientation transition of symmetric block copolymers such as 
PS/PMMA on smooth and rough surfaces. The distortion free energy of parallel and perpendicular 
lamellar phases in contact with a rough solid surface is calculated as function of the surface roughness 
amplitude and wavelength, as well as the polymer lamellar periodicity (molecular weight). We find 
an analytical expression for the orientation transition. This expression is compared and agrees well 
with recent experiments done with six different polymer molecular weights and surface preparations. 
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As self-assembling systems become better under- 
stood, more emphasis is being given to finding ways 
to control the assembled structure, i.e. to orient 
ordered phases in a certain direction or anneal de- 
fects Q, 0, 01- Block copolymers (BCP) are ex- 
cellent model systems, which provide a good bal- 
ance between price and chemical versatility, and are 
being extensively studied for technological applica- 
tions as well as from a basic scientific viewpoint 
0, 0| . There are numerous ways to affect the BCP 
phase-behavior and orientation. For example, using 
shear flow |6j, confinement between two solid sur- 
fa ces bUSl, or application of an external electric field 

In this note we consider a lamellar phase of sym- 
metric diblock copolymers (each block has a mole 
fraction of / = 0.5) on top of a rough surface. The 
amplitude and periodicity of surface modulations de- 
termine if the lamellae will be parallel or perpendic- 
ular to the substrate 0, , as has been recently 
shown experimentally by Sivaniah et al (l6lll7j . This 
new and alternative method to orient BCPs can be 
advantageous to the methods mentioned above be- 
cause of its simple experimental setup. The aim of 
this Note is to extend results of a previous theoreti- 
cal modelling 01 showing its direct applicability to 
the experimental findings |la . Il7| . 

The surface roughness is modelled by a single one- 
dimensional corrugation mode, whose height in the 
^-direction above an (x, y) reference plane is given 
by h(x) = Rcos(q s x). As is shown on Fig. 1, q s and 



R are the wavenumber and amplitude of the surface 
roughness, respectively. The BCP is put above the 
substrate in the half-space z > h(x). In addition, 
qo = 2ir / D is the wavenumber of the bulk lamellae of 
width D, 7ab is the interfacial interaction (per unit 
area) between the A and B blocks in the polymer 
chain, and 5 — 7 subs A — 7 sub3 B is the surface tension 
difference between the substrate and the two types 
of polymer blocks. 




FIG. 1: Schematic illustration of the rough confining sur- 
face. 

We start by examining the order-parameter of 
lamellae oriented perpendicular to the surface. The 
presentation follows the same lines as of Ref. 0] : 



^_L(r) = 4>o cos (q x + q u(x, z)) 



(D 



This is the deviation of the A-monomer relative con- 
centration from its average value / = 0.5. The 
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amplitude of sinusoidal variation, ipo, depends on 
the degree of segregation and vanishes at the Order- 
Disorder Temperature (ODT). The function u(x,z) 
is a slowly-varying function that describes surface- 
induced perturbations of the lamellae from their per- 
fect shape. We write the bulk part of the free energy, 
in complete analogy with the elastic energy of smec- 
tic liquid crystals fl9| : 



F h = 



1 



K {u zz f + B [u x f 



d 3 r 



(2) 



where u x — du/dx, u zz = d 2 u/dz 2 , K ~ £>7ab is 
the bending modulus and B ~ jab/D is the com- 
pression modulus. 

Several assumptions are made regarding the 
length scales and ener gies involved, as are explained 
in more detail in Ref. |l8| |: 



1 > q a R > q s R > (q Q R) 



3/2 



and 



</>o<5 < 



7AB 



(3) 
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We will be mainly interested in the poly(styrene)/ 
poly(methylmcthacrylate) system, where the A- 
block is chosen as the PS and the B-block as PMMA. 
The corresponding parameters are 5 ~ 0.25 mN/m 
for the surfaces considered below, and 7ab = 1 
mN/m, so eq 01 roughly holds. The inequalities in 
eq|3lare not satisfied in all the experiments. While 
qaR is indeed larger than q s R, qoR is between 1 and 
4 and is not smaller than unity as assumed. There- 
fore, qoR > (qoR) 3 ^ 2 does not strictly hold. Nev- 
ertheless, using the above inequalities we were able 
to make simple analytical predictions by minimizing 
the energy with respect to the distortion field u. Up 
to numerical prefactorSjthe bulk free energy of the 
perpendicular state is 



El 
s 



s 2 $ 1 

K q 



(5) 



where S is the surface area. 

We repeat the same calculation as above but now 
for parallel lamellae. The order parameter is given 
by 

0n(r) = -(f) Q cos(q z + q u(x, z)) (6) 
and the bulk free-energy is 



K {u xx f + B {u z f 



d 3 r 



(7) 



We minimize the distortion field u in the same limits 
as in eqs[3]andQ] and find [18| 
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S 
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K 
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Equations [5] and [SJ use the surface energy to 
obtain the distortion field u. We now add this 
substrate-BCP interfacial tension and compare the 
gain and loss in the total free energy of the two 
states, including the bulk distortion and interfacial 
tension terms. This was not done in Ref. [Tsj . In 
the case of perpendicular lamellae, the substrate 
is approximately equally covered by the A and 
B monomers (the symmetric case of PS/PMMA). 
Hence, adding the interfacial-tension term to eq 
results in the following free-energy 



F± 
S 



K q 



+ W) + (9) 



The extra factor 1 + j{q s R) 2 is the ratio between 
the real surface profile h(x) = Rcos(q s x) and the 
flat one, h = 0, for small surface corrugations. 

For parallel lamellae, we have a surface in con- 
tact with a layer rich in B monomers (PMMA) . Ne- 
glecting surface proximity effects, we consider that 
this layer has a concentration of B-monomer with 
amplitude | — <fio and A-monomers (PS) with am- 
plitude 5 + 00; recalling that fa is the deviation 
of the order parameter from i. The energy is 

(5 - ^oHubs.A +(|+^o)7sub S ,B i and the total parallel 
free-energy becomes 



o K q \q s 



1 



o 7 aub 



o + 9o 7, 



(10) 



In order to find the orientation transition, we 
equate F to F^ [eqs and El while estimating 



Kq ~ 27T7AB. 
given by: 



The transition value of (q s R) 2 is 



(QsR) 2 = 



4> a S + 2-7T7AB 



4>o5(qo/q s 



r7AB 



(11) 



Note that this equation includes the information of 
the melt segregation via </>o (|</>o| < |)- Naturally, 
as the temperature approaches the ODT, c/)q tends 
to zero the energetic difference between the parallel 
and perpendicular states goes to zero as well. 

In order to compare these predictions of the lamel- 
lar orientation dependence on the various roughness 
parameters, we used some of the results reported in 
Ref. [l7| |. In that paper sample orientation was de- 
termined by a combination of cross-sectional TEM 
microscopy, atomic force microscopy and dynamic 
secondary-ion mass spectroscopy. The principle re- 
sult was to demonstrate that an increase in the 
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substrate roughness amplitude, R, led to a transi- 
tion from parallel to perpendicular orientation, while 
other substrate parameters were untouched. 

Six observations of orientation were also made 
with three molecular weights of symmetric PS- 
PMMA block copolymer (of different go) on four 
substrates of different q s . We can use these obser- 
vations to test the validity of our current theoreti- 
cal model. The BCP samples are denoted 18k-18k, 
38k-36.8k and 50k-54k, according to the molecular 
weight of PS and PMMA blocks in the chain, re- 
spectively. The four substrates are: super-critically 
rough Indium Tin Oxide (SC-ITO), under-critically 
rough ITO (UC-ITO), smooth ITO (S-ITO) and 
super-critically rough polyimide (SC-PIM). All the 
experimental parameters are summarized in Table I. 
The prefixes of super— and under— were used to de- 
note the degree of roughness of the substrates. The 
SC-PIM substrate was made by imprinting a poly- 
imide surface with a SC-ITO surface. Therefore, SC- 
PIM and SC-ITO had identical topological features. 
Contact angle measurements at 200°C on all of the 
substrates revealed that there was no large difference 
in the wetting properties of PS and PMMA on all of 
these substrates. For more details see Ref. [Tt| . 

An assumption of identical substrate surface en- 
ergy allows all six observations to be collated onto 
a single orientational phase diagram. In Fig. 2 we 
plot the experimental points and the transition lines 
predicted by eq^l 011 three types of plots. In part 
(a), qo = 2n/D is used to scale the two other pa- 
rameters: q s and R and to produce two dimension- 
less parameters for the plot: q s /qo and q s R. In the 
range of experimental parameters, the transition line 
between parallel and perpendicular states, ea 1111 is 
very close to a straight line (up to about qoR ~ 2.5 
in Fig. 2(a)). Namely, for a fixed go, Qs ~ R- 

Our above findings should be com pare d with a 
previous model by Turner and Joanny |l4j that pre- 
dicted an orientation transition at g s ~ 1/R and 
independent of go- Because of the limited number 
of experimental systems, it is hard to rule out any 
theoretical fit. However, it looks that the latter pre- 
diction does not fit well the experiments summarized 
in Fig. 2. In our model the limit of q s ~ R is ob- 
tained by formally setting go — > in eq^J However, 
we note that the validity of our model, as well as the 
experiments, is in the opposite limit of g > q s . Fig- 
ure 2 (a) shows that all samples found to be in the 
parallel morphologies in the experiments lie indeed 
above the theoretical transition line and all perpen- 
dicular morphologies lie below it, with the exception 
of the SC-ITO 50k-54k sample, which lies a little in- 
side the parallel region, although it is measured as a 
perpendicular state. 

The same information is presented differently in 
parts (b) and (c) of Fig. 2. In (b) we think of q s as 
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FIG. 2: Comparison between the model and experimental 
phase diagram for the perpendicular and parallel lamellar 
configurations on a rough substrate. The solid line is cal- 
culated from eq. 1111 (a) R and q a are scaled by go, the 
lamellae wavenumber. The "+" data points correspond to 
observed perpendicular morphology, while the "•" ones to 
parallel lamellae (see also Table I), (b) A different plot of 
the same theoretical prediction from eq. llll and experimen- 
tal points. The surface wavenumber q s is used to scale go 
and 7?. (c) The surface amplitude R is used to scale go and 
q s . In all three plots 7ab = 1 mN/m, S = 0.25 mN/M and 
<t>o = 0.4. 
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the rescaling factor and plot qo / q s as function of q s R- 
From eg II II and under the condition 7ab <C <fio5, we 
get qo/q s — {QsR)^ 1 ^ 2 - In Fig. 2 (b) we see again 
that beside the SC-ITO 50k-54k sample, all other 
data points fit with the theoretical prediction. And 
finally in Fig. 2 (c), go and q s are rescaled by R. 

The phase diagrams in parts (b) and (c) may seem 
counter- intuitive at first sight. At a given surface 
roughness q s R, the transition from the parallel phase 
to the perpendicular one occurs as D decreases (or 
qo increases). This surprising behavior can be un- 
derstood by looking at the dependence of the distor- 
tion field u(x, z) on the distance z from the surface. 
For perpendicular lamellae, u ~ exp(— kj_z), where 
k± ~ 1/D. Hence distortions relax at a distance 
from the substrate comparable to the lamellar spac- 
ing. Undulations in the parallel phase, however, are 
given by u ~ exp(—k..z), where k.. — q^/qo- As 
the BCP molecular weight decreases, D decreases, 
qo ~ D^ 1 increases, and k ~ D decreases, result- 
ing in a longer extent of the distortion u field in the 
z direction. Hence, the accumulated frustration of 



parallel lamellae leads to their relative instability to- 
wards the perpendicular phase. In other words, the 
smaller the molecular weight is, the more stable the 
perpendicular lamellae tend to be. 

More experiments should be carried out so that 
the phase-diagram can be fully mapped. In par- 
ticular the above-mentioned effect should be further 
explored, giving special attention to the possible cre- 
ation of island and holes or other defects which are 
not included in this simple theoretical framework. 
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TABLE I: Experimental results from Ref. for different 
PS/PMMA samples and different rough surfaces. Left col- 
umn indicates the type of substrate used, q 3 and R are the 
corrugation wavenumber and amplitude, respectively (see 
also Fig. 1). The name of a sample indicates the molecular 
weight of the PS/PMMA blocks. The morphology is given 
for the six experiments that were carried out. 



